Abstract The use of methanol as an alternative fuel for gasoline or diesel engines increases the unregulated CH 3 OH emission. c-Al 2 O 3 modified with Cu, Mn, Ce, K, Ag, Cu-Mn, Cu-Ce, Cu-Ag or Cu-K (0.5, 1.0, 0.5:0.5, 1.0:1.0 wt% of metal) catalysed the process of methanol incineration. The highest activity reached samples containing 1.0 wt% of silver. Dispersed Ag ? species on Al 2 O 3 served as active species for selective oxidation of CH 3 OH to CO 2 over both Ag/Al 2 O 3 and Cu-Ag/Al 2 O 3 . Additionally, the XPS and EPR results revealed the AgO interface between the Ag 2 O and CuO in the Cu-Ag system.
Introduction
Volatile organic compounds (VOCs) are organic compounds with the boiling points lower than 260°C at a standard atmospheric pressure of 101.325 kPa. VOCs are recognized as major contributors to air pollution because of their toxicity in living organisms, especially in humans and their involvement in the formation of photochemical smog [1] . The catalytic combustion is currently considered as the most promising method in order to reduce emissions of volatile organic compounds into the atmosphere. The catalysts of VOCs combustion can be divided into two main groups: (i) noble metal catalysts and (ii) transition metal oxides (e.g. [2, 3] ). The most commonly used carrier for the active phases is c-Al 2 O 3 (e.g. [4] ). Detailed information about mentioned catalytic systems were given in comprehensive reviews (e.g. [1, 5, 6] etc.). The catalysts containing platinum and palladium are the most widely implemented in practice due to their remarkable activity. E.g. among tested palladium supported on c-Al 2 O 3 (0.5-2.5 wt% of Pd), the catalyst with palladium content of 1.0 wt% revealed maximum methanol oxidation at 225°C [3] . Silver-based catalysts have been less intensively studied for total combustion of VOCs. The studies of Cordi and Falconer [7] led to the conclusion that the Ag/Al 2 O 3 (2.1 wt% of Ag), was very active for the complete oxidation of various VOCs. Based on the largest CO 2 peak (based on TPO analysis), it was suggested, that the relative oxidation activities followed the order:
The silver supported on alumina was studied for oxidation of toluene (e.g. [8] [9] . E.g. optimum loading for the complete oxidation of toluene reached 11.0 wt% for Ag/Al 2 O 3 . The addition of copper (1.0-5.0 wt%) provided complete toluene oxidation at 250-260°C [9] . Additionally, HY and HZSM-5 zeolites doped with silver (2.5-3.9 wt%) were utilized for ethyl acetate with its total combustion around 350-400°C (e.g. [10, 11] ). Ag/HY (1.0 wt% of Ag) showed also activity for both toluene and methyl ethyl ketone with total oxidation below 350°C [12] . Besides silver-based catalytic systems, a lot of studies report successful application of the Cu-containing catalysts for VOCs elimination (including methanol) (e.g. [2, 13] ). Methanol is mainly used in automobiles-an additive or an alternative fuel for gasoline engines-due to its ability to produce power with lower emission of air pollutants (e.g. [14] ). However, a large amount of methanol may be emitted as a result of its incomplete combustion [15] . The solution for its escape to the atmosphere could be catalytic oxidation of unburned methanol from exhaust gases. Depending on methanol blended fuels, applications temperature of exhaust gases may vary in the range of 300-450°C for spark ignition engines [16] or below 200-300°C for diesel engines (e.g. [14] ).
In the present paper, we report results of the screening study of alumina-based catalysts in the range from 150 to 450°C. Moreover, we included detailed physicochemical characterization, such as: structural (XRD, EPR) and textural (BET) analysis; redox properties (H 2 -TPR) and chemical surface composition (XPS). Our attention focused on the characterization of the active species of these catalytic systems. (POCH) . The sequence of metal deposition in case of bimetallic systems were as follows: Cu-Mn, Cu-Ce, Cu-Ag or Cu-K. Based on preliminary studies over alumina modified with palladium [3] , samples were modified with two concentrations of metals, such as 0.5 or 1.0 wt%. E.g. samples denoted as (1.0 wt%) Cu-Mn/Al 2 O 3 contained 1.0 wt% of each of the deposited metal. All prepared samples were dried and subsequently calcined in static air at 600°C for 12 h. For catalytic experiments, a sieve fraction of particles with size of 0.160-0.315 mm was used.
Catalytic tests
All prepared materials were tested as catalysts in total methanol oxidation. The catalytic experiments were performed under atmospheric pressure in a fixed-bed flow microreactor system. The reactant concentration were continuously measured using a quadruple mass spectrometer RGA 200 (PREVAC) connected directly to the reactor outlet. Prior to the catalytic test, each sample of the catalyst (100 mg) was outgassed in a flow of synthetic air at 500°C for 30 min. The isothermal saturator placed in an ice-water bath and with a constant flow of synthetic air was used for supplying of methanol into the reaction mixture. The composition of gas mixture at the reactor inlet was [CH 3 
Catalysts characterization
The X-ray diffraction (XRD) patterns of the samples were recorded with a D2 Phaser diffractometer (Bruker) using Cu Ka radiation (k = 1.54060 Å , 30 kV, 10 mA). The specific surface area (S BET ) of the samples was determined by low-temperature (-196°C) N 2 sorption using Quantasorb Junior sorptometer (Ankersmit). Prior to nitrogen adsorption the samples were outgassed at 250°C for 2 h in a flow of N 2 .
The temperature-programmed reduction (H 2 -TPR) patterns of samples (30 mg) were performed using using a Quantachrome ChemBET Pulsar TPR/TPD instrument. H 2 -TPR runs were carried out starting from room temperature to 800°C, with a linear heating rate of 10°C/min and in a flow (6 cm 3 /min) of 5 vol% H 2 diluted in Ar. Water vapour was removed from effluent gas by the means of a cold trap placed in an ice-water bath. The H 2 consumption was detected and recorded by TCD.
X-ray photoelectron spectra (XPS) were measured on a VSW spectrometer equipped with a hemispherical analyser. The photoelectron spectra were measured using a magnesium MgKa source (E = 1253.6 eV). The base pressure in the analysis chamber during the measurements was 3 9 10 -6 Pa and the spectra were calibrated on a main carbon C 1s peak at 284.6 eV. The composition and chemical surrounding of the sample surface were investigated based on the areas and binding energies of Ag 3d, Cu 2p, Al 2p, C 1s and O 1s photoelectron peaks. Mathematical analyses of the XPS spectra were carried out using the XPSpeak 4.1 computer software (RWM. Kwok, The Chinese University of Hong Kong).
The electron paramagnetic resonance (EPR) spectra were recorded at room temperature using an ELEXSYS E-500 spectrometer (Bruker) operating at the 100 kHz field modulation. Prior to EPR measurements the samples were outgassed under high vacuum. In order to determine the integral intensity of the EPR spectra, double integrals of spectra were calculated.
3 Results and discussion
Catalytic activity
Alumina modified with different metals was tested in the process of methanol incineration. Figure 1 presents obtained results, while Table 1 summarizes T 50 and T 90 for the studied catalysts. T 50 refers to the temperature needed to reach 50 % methanol conversion, and it is widely use to compare catalytic activity in the same reaction conditions, while T 90 is the temperature needed to obtain 90 % methanol conversion. The obtained results showed full methanol conversion over all tested catalysts in the temperature range of 125-450°C. The exception was pure oxide support, for which 94 % conversion of methanol was achieved at 450°C (Fig. 1a) . In the case of a catalyst containing 1.0 wt% of copper, complete conversion of the methanol was achieved at 400°C. The addition of the promoter, such as 0.5 and 1.0 wt% of potassium, resulted in both cases in a slight increase in catalytic activity with respect to Cu/Al 2 O 3 (Fig. 1b) . Activating effect of potassium on copper catalysts is consistent with literature data (e.g. [13] ).
The low activity of catalyst containing only manganese was obtained especially in the low temperature range. However, complete conversion of methanol over such catalytic system was reached at 375°C. In the scientific literature, manganese-containing materials are highly active catalysts of VOCs combustion, such as toluene, ethanol and butanol (e.g. [17, 18] ). The addition of manganese (0.5 or 1.0 wt%) to a sample containing copper increased its catalytic activity, however only above 300°C (Fig. 1b) . The total conversion of methanol over (1.0 wt%)Mn-(1.0 wt%)Cu/Al 2 O 3 was achieved at 325°C-at temperature lower of about 75°C compared to that obtained for (1.0 wt%)Cu/Al 2 O 3 . Such results are in agreement with literature data, which showed that doping with manganese improved catalytic activity of the Cucontaining samples (e.g. [18] ).
Increasing cerium content in the catalyst resulted in an increase in activity, but the value for methanol conversion was still lower than that of the sample containing the same amount of copper in the sample (Fig. 1a) . The bimetallic (Cu-Ce) catalysts were more active compared to Cu/Al 2 O 3 only below 350°C (Fig. 1b) . On the other side, in the scientific literature the Cu-Ce systems are widely discussed as potential commercial catalysts for VOC combustion (e.g. [19] ). Such discrepancies could be explained by different preparation methods, used supports as well as reaction conditions. An increase of catalytic activity with increasing metal content in the samples was also observed for silver-based catalysts (Fig. 1c) . The increase in the silver loading from 0.5 to 1.0 wt% greatly improved catalytic activity in the methanol incineration, and consequently its complete conversion over (1.0 wt%)Ag/Al 2 O 3 occurred at 300°C. Furthermore, the bimetallic Cu-Ag systems showed a higher value for methanol conversion (especially below 275°C) compared to Ag-doped samples. However, the full conversion of methanol for all samples containing 1.0 wt% of silver was reached at 300°C. Analyzing the summarized results for the studied catalysts (Table 1) , it could be concluded that among all utilized materials, the most active catalysts was the one containing 1.0 wt% of silver-with T 90 of 260 and 240 for Ag/Al 2 O 3 and Cu-Ag/Al 2 O 3 , respectively. CO 2 and water vapour were the only detected reaction products over both catalysts using QMS analysis. Figure 2 presents the powder XRD diffraction pattern obtained for the commercial alumina. Characteristic XRD diffraction peaks corresponding to the reflections of c-Al 2 O 3 were located at 19.9°, 32.6°, 37.5°, 39.6°, 45.9°, 61.1°and 67.0° [20] . No changes in the structure of oxide support appeared after impregnation with metals (results not shown). Table 1 shows the specific surface areas (S BET ) of alumina and its modifications with metals. Deposition of metals on the oxide support surface resulted in a decrease of specific surface areas (82-100 m 2 /g) due to surface covering by the low surface area clusters of active components. Figure 3 presents the H 2 -TPR profiles of copper and/or silver modified alumina. No reduction peaks appeared in the profiles recorded for pure c-Al 2 O 3 . Two peaks centered around 110 and 385°C appeared for Ag/Al 2 O 3 ; thus indicating two different silver oxide species. According to literature reports (e.g. [9, 21] ), the first peak was ascribed to the highly dispersed Ag 2 O, while the second one to the more aggregated Ag 2 O. The reduction profile of pure Ag 2 O consisted on a single peak at 250°C, as it was reported earlier by Luo et al. [9] . They also investigated redox behaviour of Ag/Al 2 O 3 and claimed three kinds of Ag 2 O of different chemical environments in catalysts-the crystal Ag 2 O phase together with dispersed Ag 2 O phases (I,II), while the reduction of the former was reported to be easier than of the latter. However, in this studies, any silver oxide phases were identified in Ag/Al 2 O 3 . Therefore, the second peak was ascribed to the reduction of Ag 2 O clusters on the c-Al 2 O 3 , according to indications of Musi et al. [21] . 
Physicochemical properties of the catalysts
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Binding energy [eV] A B The TPR pattern of (1.0 wt%)Cu/Al 2 O 3 with main peak centred at about 304°C was presented in our earlier studies [22] . Additionally, deposition of silver decreased the reduction temperature of the highly dispersed copper oxide species to 210°C. The bimetallic species can form either alloys or segregated core-shell structures (e.g. [23, 24] ), which could be reduced at temperatures lower than pure copper oxide species. On the other side, Cu-Ag alloys were reported to be thermodynamically unstable (e.g. [25] ). The transmission electron microscopy (TEM) studies over CuAg/Al 2 O 3 (2.5, 7.5 wt% of Cu, 2.5, 7.5 wt% of Ag) revealed intimate contact between copper and silver [25] . Consequently, the authors suggested that catalysts structure consists of a highly dispersed copper oxide (monolayer) on alumina upon which silver particles (of a very wide particle-size distribution) were situated. The proposed model seems to be valid also in case of our studies.
More information of the silver and copper state on the surface of alumina was obtained from XPS and EPR studies. Figure 4 and Table 2 summarize the X-ray photoelectron spectroscopy (XPS) results of (1.0 wt%)Ag/ Al 2 O 3 and (1.0 wt%)Cu-Ag/Al 2 O 3 . The most intense peak of Ag 3d occurred at about 368.8 and 368.1 eV for the Ag/Al 2 O 3 and Cu-Ag/Al 2 O 3 , respectively. According to literature data, XPS peaks at 368.1-367.9 and 374.1-373.9 eV were ascribed to metallic Ag 3d 5/2 and Ag 3d 3/2 . Additionally, the Ag 3d 5/2 BE values in the range 367.7-367.6 eV are characteristic of Ag 2 O, while AgO range from 367.4 to 367.2 eV [26] . However, many factors could influence the position of XPS peaks, including nature of the support and surrounding oxide species. Therefore, the XP peaks spectra of both samples were attributed to Ag 2 O species. Interestingly, according to the scientific indications the bonding energy of Ag 3d 5/2 for the bimetallic catalyst samples, i.e. Cu-Ag, have been reported to have positive peak shift compared to pure Ag/Al 2 O 3 (e.g. [24, 27] ). On the other side, these results were obtained for materials after reduction with hydrogen. In our case, the binding energy for the Cu-Ag/Al 2 O 3 sample had negative peak shift (368.8 eV ? 368.1 eV). Moreover, Ag 3d peak became slightly broader with a full width at halfmaximum (FWHM) from 3.4 to 3.5 eV. Thus, such effect was attributed to the possible generation of Ag 2? species as a result of strong interactions between silver and copper oxide species in Cu-Ag/Al 2 O 3 . These findings could be supported by XPS studies of Prieto et al. [23] over silvernickel nanoparticles (NPs) prepared by seed-mediated growth. The BE of Ag 3d for Ag-Ni NPs shifted towards lower values signifying the existence of oxidized silver.
Taking into account copper in the Cu-Ag/Al 2 O 3 sample, the most intensive peak of Cu 2p occurred at about 932.5 eV and was attributed to the Cu 2? . These results were fully consistent with data presented by Gang et al. [25] .
The results gained in both H 2 -TPR and XPS measurements fully correspond with the EPR analysis. Figure 5a shows, that the EPR spectrum of Ag/Al 2 O 3 sample revealed a very low intensity. Several authors reported that . The results did not resolve the speciation of silver ions. Any evidence of metallic form of silver was found. Nevertheless, further detailed studies-and with different combinations of Cu-Ag-proceeds to justify such findings.
Conclusions
Methanol as renewable and alternative energy source for the gasoline or diesel engine gain importance. Unregulated methanol emissions are one of the most serious concern regarding the use of low-content methanol applications. Therefore, suitable catalytic systems are highly required to meet future regulations.
In this study, we carried out a screening research of the activity of a series of catalysts-c-Al 2 O 3 modified Cu, Mn, Ce, K, Ag, Cu-Mn, Cu-Ce, Cu-Ag, Cu-K-for the total methanol oxidation. The silver-based catalysts were very active for methanol incineration. An order of activity based on T 90 over bimetallic catalytic systems with 1.0 wt% of metals were found as follows: Ag-Cu [ Mn-Cu [ CeCu [ K-Cu. The Ag ? species dispersed on alumina were responsible for high catalytic activity. Additionally, the XPS and EPR results confirmed the presence of Ag 2? at the interface between the Ag 2 O and CuO.
Further studies are underway on activity and stability of Cu-Ag system at lower methanol concentration as well as under real conditions of exhaust gases.
